ABSTRACT The flourishing technology in wireless communication-free space optics (FSO) offers lots of merits over radio frequency (RF) links due to its license free bandwidth, ease of installation, high security features, and viable cost for short distance communication. It's high speed data rate and immunity against electromagnetic interference makes FSO the emerging technology of today. But, FSO is not always reliable especially during atmospheric conditions, such as fog, rain, mist, and snow. Hence, in account a new technique of hybrid FSO/RF, this includes advantages of both FSO and RF technologies. Through this paper intend to perform an extensive analysis of the error and misalignment effects encountered in line of sight communication. Pointing error and turbulence effects are the main drawback parameters for our analysis. For this purpose I have taken into consideration different modulation techniques-binary phase shift keying-subcarrier intensity modulation, differential phase shift keying-subcarrier intensity modulation communication system with reference to on-off keying (OOK) modulation. The novel expressions for outage probability and BER for both FSO and RF system are derived which uses Rician channel and 16QAM modulation scheme alongside hybrid FSO/RF system for weak, moderate, and strong turbulence regimes using Meijer-G function.
I. INTRODUCTION
With the evolution of legacy technologies like 4G and 5G, Free space optical (FSO) communication has found enormous potential in the field of research and education owing to its attractive features that provide an effective alternative to the traditional radio frequency (RF) links. A numerous number of FSO applications is witnessed in satellite communication between spacecraft in space, high bandwidth access to optical fiber network, last mile connectivity, cellular connectivity issues and television signal transmission etc. [1] , [2] . FSO provides various benefits such as easy installation, license free high bandwidth, high encryption and electromagnetic interference immunity. 550-1600 nm wavelength band, is an affordable and attractive high-data rate (30 Gb/s data rate) for FSO Links [3] . FSO has also found its applications in underwater. But, FSO is strongly effected due to different atmospheric factors such as rain, fog, mist etc. [4] . Pointing error issue also occurs due to thermal expansion, weak seismic activities which causes fluctuations of skyscrapers [5] . Different channel models have been proposed in order to study the effects of turbulence on FSO systems which include log normal, negative exponential, gamma-gamma and Malaga distribution etc. Each model work on different regimes, Gamma-Gamma and log normal being most popular channel models [6] . Different modulation techniques are used based on Intensity Modulation and Direct Detection (IM/DD) or heterodyne detection. Because of its simplicity and low-cost, on-off keying (OOK) with IM/DD is commonly used for FSO systems [7] . OOK Modulation scheme has many disadvantages over other modulation schemes. But, FSO transmission is affected for low SNR during harsh weather conditions which prevail for limited time. As a recent solution to overcoming the weakness of FSO links, the RF link is integrated with the FSO link to form a hybrid FSO/RF system [8] . RF and FSO, both are opposite in nature, and RF links are not affected during mist, fog, snow but get attenuated during heavy downpour [9] . For hybrid systems, there are two methods which are soft switching, which follows simultaneous transmission of RF and FSO links with encoding and decoding techniques at receiver end. Whereas, In hard switching, RF and FSO Links are transmitted based on threshold values [8] .
Following the work of [9] Rest of paper is arranged as follows-Section II present the expressions for the system. Section III, exclusively do performance analysis for different modulation schemes in terms of BER and outage probability In section IV, the simulations are done in computing tools for the expressions listed in section III and graphs are plotted therein. Section IV concludes the findings.
II. SYSTEM MODELS A. RF CHANNEL
The RF channel uses Line of Sight (LOS) Communication. Rician channel fading is best suited for LOS communication. Hence, the receiving signal r 1 as described as
where t 1 is the transmitted signal. n 1 represents the noise which is considered to be Additive and Gaussian with complex zero mean and a variance given by σ 2 n = E[n 2 1 ] in nature. h lRF and h aRF are path loss and atmospheric loss factors. As the RF channel is modelled using Rician fading channel. A factor K which represents the strength of LOS path in dB is introduced. The probability density function is given by f (h aRF ) where h aRF is channel state as
Where I 0 is the zeroth-order modified Bessel function of the first kind. K represents the relative strength of LOS. Based on the value of K, there are two major cases. First, the lower the Rice parameter is, the more the fading turns severe. Secondly, K = 0 corresponds to the largest fading or also known as Rayleigh Fading which is special case of Rician Fading. However, the lower the fading, the higher the value of K which can be approximated to AWGN channel fading. The Eq.(2) can be simplified further using Eq. (3), as
Substituting Eq (3) in Eq (2) it can be simplified as
The FSO System used in this paper is based on Intensity Modulation and Direct Detection which deals with the amplitude of the transmitted and received signal. The noise model. The combined normalized fading is given by
where h a denotes atmospheric loss due to absorption and scattering, h p denoting the fading due to misalignment and pointing errors due to winds and h tf denotes the atmospheric turbulence fading due to large and small eddies in the atmosphere due to different regimes.
C. COMBINED FADING MODEL FOR FSO LINK 1) ATMOSPHERIC LOSSES
In FSO, the atmospheric model is considered to be statistical and is empirically derived based on the Beer-Lambert's Law [2] which gives an approximation based on a constant and the link distance L which is given by the equation
Where is given by Kim-Kruse model
Where q is a constant determined by scattering. L is the link distance and V is the visibility in km. By Kruse model the q value can be approach.
2) POINTING ERROR
In LOS mode of Communication, the pointing errors pop up with an important challenge in the performances of FSO systems. This paper adopt [11] and analyze by taking help of PDF due to pointing error which is given by
Where is the ratio between equivalent beam radius at receiver and the standard deviation of pointing error jitter σ s and A 0 denotes the power collected at 0 radial distance and h p is the pointing error channel state.
75026 VOLUME 6, 2018 3) ATMOSPHERIC TURBULENCE Atmospheric turbulence is the scintillation in the signal's intensity and phase when collected at the receiver end. The channel model defined in this paper, is gamma-gamma channel fading which is applicable for both moderate and strong regimes. Log-Normal is valid only for weak regime, Malaga channel is a generalized channel which is applicable for all the regimes [6] .
The gamma --gamma model can be presented as follows
Where α and β are the effective number of large and small eddies. K n (..) is Bessel function of second kind of n order.
(. . .) is the gamma function.
The parameters α and β are defined as follows [12] 
Where σ 2 R is Rytov's variance, which depend on wind speed, refractive index of the atmosphere and altitude.
Combined equation-the combined equation is taken as the integration of atmospheric losses and pointing errors with taking in account the conditional probabilities of the channel states as follows
Where f tf h h tf is conditional probability given atmospheric turbulence h tf . The equation is further written as
Substitute the Eq. (9) and Eq. (13) in Eq.(12)
By using [13] and [14] , convert this integral form to closedform expression as
Where G 3,0 1,3 is Meijer-G function which can be analyzed and evaluated using MuPAD.
For BPSK-SIM and DPSK-SIM, using direct detection technique, get the instantaneous SNR for the modulation schemes as given as in [15] 
Where R is the responsivity, h is the channel state, σ 2 n is the variance of the channel. A is the detector's area in m 2 . The average SNR is a major parameter in the analysis of BER which is given as [15] 
Where E(h) is the mean of h 2 i.e. E h 2 = (εA 0 h a ) 2 and ε is given as ε =
. Using equations (16), (17), (18), (19) .
III. PERFORMANCE ANALYSIS
The BER and Outage Probability plays an important role in wireless communication. It is defined as the number of bits altered after receiving due to communication losses and channel noise. In this section, the BER and Outage Probability expressions for RF links are presented.
A. BER OF RF LINK
For 16QAM and Rician Channel fading, the BER is given by [16] .
Where I 1 and I 2 are defined as
2 F 1 (. . .) is a hypergeometric function and can be analyzed in MuPAD. a, b, c parameters are based on different modulation schemes, for 16-QAM modulation scheme, the values are taken from [16] .
B. OUTAGE PROBABILITY OF RF LINK
Outage Probability is defined as the probability of the channel state when SNR falls below threshold value for good service and detection becomes unfeasible.
The outage probability is given by [10] as,
Where Q 1 is the first order Marcum function
C. BER OF FSO LINKS
The FSO link is considered for BPSK SIM and DPSK SIM, hence deduce the expressions for both the modulation schemes. The BER is defined by
Where P is the error probability of the given modulation scheme given by [15] . For BPSK,
For DPSK,
The expressions for Eq. (27) and Eq. (28) can be simplified into closed form using Meijer G function, given by [13] and [14] . The BER expression for BPSK is given by substituting Eq. (27) in Eq. (26) and substituting Eq. (20) in Eq. (26), is obtained as
Using the Meijer-G properties [13] , [14] , The equation is simplified as Similarly, The BER expression for DPSK is given by
Using Meijer G properties, the equation is further simplified as
(32)
D. OUTAGE PROBABILITY OF FSO LINKS
The outage probability plays an important role in FSO links, acting as the decisional factor in good signal transmission. The Outage probability is given by
Where F(.) is the continuous distribution function. The outage probability is given by
For BPSK-SIM, The outage probability using IM/DD is given by.
For DPSK-SIM, The outage probability using IM/DD is given is given by 
provided that the SNR of RF and FSO are statistically independent where the symbols in the equation have their usual meaning throughout the text.
IV. SIMULATIONS
In this section, the results for the equations in the above section III are plotted. As stated earlier, Rician channel fading is used for the RF link and gamma -gamma channel for FSO link. The strength of the LOS path as moderate K = 5dB is assumed. The pointing error is investigated for φ = 6 for both Strong and Moderate turbulence for different modulation schemes i.e. BPSK-SIM and DPSK-SIM. The threshold values taken for RF and FSO link remains 6dB. The average SNR value for RF link is taken as 15dB. α and β are taken as 2.296 and 1.822 for moderate regime respectively. 2.064 and 1.342 for strong regime respectively. In Fig.2 , the plot is done for BER v/s average SNR for FSO link, in this plot for SNR, it is observed that under moderate turbulence, the best BER performance is given by BPSK modulation scheme. As the SNR increase, there is steep decrease in the BER for all the modulation schemes but maximum steep is shown in BPSK-SIM. At 30 dB BPSK-SIM has BER at order of 10 −3 . This graph was obtained for a constant pointing error parameter φ = 6.
In Fig.3 , the plot is done for BER v/s average SNR for FSO link for all three modulation formats; it is observed that under strong turbulence, the best BER performance is given by BPSK modulation scheme. As the SNR increase, there is steep decrease in the BER for all the modulation schemes but the slope of BPSK-SIM does not decrease as compared to moderate condition graph This graph was obtained for a constant pointing error parameter φ = 6. In Fig.4 , it is observed that for lower SNR values, BPSK-SIM modulation scheme performs the best as compared to OOK modulation scheme and the DPSK-SIM modulation scheme. For φ = 6, with increase in SNR, we see that there is steep decrease in Outage Probability.
In Fig.5 , it is observed that for lower SNR values, BPSK-SIM performs well as compared to OOK modulation scheme and DPSK-SIM modulation scheme. The graph is plotted for strong condition. For φ = 6, with increase in SNR, it is noticed that there is steep decrease in Outage probability for all modulation formats. VOLUME 6, 2018 In Fig.6 , the plots have been considered for hybrid RF/FSO systems for moderate turbulence. It is observed that for all SNR values, Hybrid BPSK-SIM modulation scheme performs the best as compared to Hybrid OOK modulation scheme and Hybrid DPSK-SIM modulation scheme. From the above plot, it is proved that hybrid system provide better performance for φ = 6, with increase in SNR, it shows that there is steep decrease in Outage Probability.
In Fig.7 , the plots have been considered for hybrid RF/FSO systems for strong conditions. For all SNR values, Hybrid BPSK-SIM modulation scheme performs the best as compared to Hybrid OOK modulation scheme and Hybrid DPSK-SIM modulation scheme. From the above plot, it is proved that hybrid system provide better performance, but strong turbulence degrades the performance as compared to moderate turbulence For φ = 6, with increase in SNR, it indicates that there is steep decrease in Outage Probability. The fig.8 is plotted for both BPSK-SIM and DPSK-SIM w.r.t Hybrid RF/FSO system in lieu of moderate conditions. It is observed that a bump in both BPSK-SIM and DPSK-SIM for SNR < 15dB because the SNR is below a threshold which implies the system to switch to RF link, hence providing a better BER for lower SNR values. Once SNR > 15dB, FSO link is switched, providing the best BER for both modulation schemes.
The fig.9 is plotted for both BPSK-SIM and DPSK-SIM w.r.t Hybrid RF/FSO system in lieu of strong conditions. It is noticed a bump in both BPSK-SIM and DPSK-SIM for SNR < 15dB because the SNR is below a threshold which implies the system to switch to RF link, hence providing a better BER for lower SNR values. Once SNR > 15dB, FSO link is switched, providing the best BER for both modulation schemes. Strong conditions hinder the performance of the system as it provides more BER as compared to moderate conditions. From both the graphs, it can conclude that BPSK-SIM performs best among all three modulation formats. Fig. 10 illustrates that the BER with respect to variation of α, β. For lower values of α, β, High BER is observed in case of DPSK which accounts to 0.04. As α, β values increase, it is observed that a steep decline in the BER value. Fig. 9 depicts the graph for BER with respect to variation of α, β. For lower values of α, β, High BER is observed in case of BPSK which accounts to 0.03. As α, β values increase, it is observed observed a steep decline in the BER value. Fig. 11 represents the graph for BER with respect to variation of α, β. For lower values of α, β, High BER is observed in case of DPSK which accounts to 0.04. As α, β values increase, it is observed a steep decline in the BER value. Fig. 9 , plot the graph for BER with respect to variation of α, β.
For lower values of α, β, High BER is observed in case of BPSK which accounts to 0.03. As α, β values increase, it can be noticed a steep decline in the BER value.
V. CONCLUSION
In this paper, the impact of environmental effects and misalignment on the performance of hybrid FSO/RF system is analyzed. BER and Outage expressions for hybrid as well as FSO link were derived taking into account pointing errors for both strong and moderate conditions. Among strong and moderate turbulence, the performance deteriorates for strong turbulence condition which gives higher BER. Pointing error also imparts a difference in the performance analysis. Also conclude that for the considered modulation schemes the Hybrid FSO/RF system performs significantly better than the FSO link alone. It was thus observed that under the given conditions the best performance was achieved by Hybrid FSO/RF system under BPSK-SIM modulation format.
